Abstract: Cardiovascular disease (CVD) is the leading cause of death in the United States. For years, dietary cholesterol was implicated in increasing blood cholesterol levels leading to the elevated risk of CVD. To date, extensive research did not show evidence to support a role of dietary cholesterol in the development of CVD. As a result, the 2015-2020 Dietary Guidelines for Americans removed the recommendations of restricting dietary cholesterol to 300 mg/day. This review summarizes the current literature regarding dietary cholesterol intake and CVD. It is worth noting that most foods that are rich in cholesterol are also high in saturated fatty acids and thus may increase the risk of CVD due to the saturated fatty acid content. The exceptions are eggs and shrimp. Considering that eggs are affordable and nutrient-dense food items, containing high-quality protein with minimal saturated fatty acids (1.56 gm/egg) and are rich in several micronutrients including vitamins and minerals, it would be worthwhile to include eggs in moderation as a part of a healthy eating pattern. This recommendation is particularly relevant when individual's intakes of nutrients are suboptimal, or with limited income and food access, and to help ensure dietary intake of sufficient nutrients in growing children and older adults.
Introduction
Cardiovascular disease (CVD) is a leading cause of death in the US with approximately one in every four deaths occurring from heart diseases [1] . According to the CDC, 610,000 individuals die from CVD in the US [2] . The landmark of CVD is atherosclerosis, which is a chronic inflammatory condition instigated by deposition of cholesterol and fibrous tissues in the arterial walls which build up and eventually lead to narrowing and thickening or blocking of the arterial lumen. The inflammation regulates the plaque formation as well as the thrombotic complications of atherosclerosis [3] . The hypothesis that dietary cholesterol contributes to the risk of heart disease was initially suggested in 1968 and based on the research literature at the time [4, 5] . Subsequently, the American Heart Association adopted a recommendation of limiting dietary cholesterol intake to 300 mg/day for healthy individuals in the United States, and with recommendations of restricting egg consumption to a maximum of three whole eggs per week [6] . However, the totality of scientific evidence and experimental data did not validate the hypothesis that dietary cholesterol increases blood cholesterol, and by extension increases the risk of CVD. Investigators have reported that increased intake of dietary cholesterol (exogenous) is associated with decreased synthesis of endogenous de novo cholesterol, possibly as a compensatory mechanism that keeps cholesterol homeostasis constant [7, 8] . In fact, the 2015-2020 Dietary Guidelines for Americans removed the recommendations of setting a limit to the maximum intake of 300 mg/day cholesterol. The Guidelines still advised eating as little as possible of 
Cholesterol Homeostasis
Cholesterol, a major sterol in animal tissues, has a significant function in the human body. Cholesterol is a structural component of cell membranes and plays an integral role in membrane fluidity. Cholesterol is also important in the synthesis of lipid rafts which are needed for protein sorting, cellular signaling, and apoptosis [30] . The characteristic structural feature of cholesterol is a fused four hydrocarbon ring referred to as a steroid nucleus, and a hydrocarbon tail consisting of eight hydrocarbon chain [31] . The cholesterol ring is the precursor of steroid hormones including estrogen, progesterone, testosterone, as well as vitamin D. As a hydrophobic molecule, cholesterol is transported in the blood via spherical macromolecules in the plasma termed lipoproteins including chylomicrons, VLDL, LDL, and HDL. The lipoproteins consist of a neutral lipid core containing cholesteryl ester and triacylglycerol surrounded by amphipathic apoproteins, phospholipids and non-esterified cholesterol. As such, the LDL particles transport cholesterol to peripheral tissues, and thus if the LDL-cholesterol is elevated, lipids can deposit in the arterial lumen leading to plaque formation, and thickening or narrowing of the blood vessel, the hallmark of atherosclerosis. On the other hand, HDL is responsible for the reverse cholesterol transport from peripheral tissues to the liver for bile acid synthesis, and steroid synthesis or for disposal of cholesterol ring via bile. As mentioned earlier, blood cholesterol is derived from two sources, exogenous dietary cholesterol and endogenous de novo synthesized cholesterol, and there is a balance and negative feedback to maintain cholesterol homeostasis. Endogenous cholesterol is synthesized by all cells and tissues, but predominantly in the liver, intestine and reproductive organs [32] . The rate-limiting and key regulatory step in endogenous cholesterol synthesis is mediated via 3-hydroxy-3-methylglutaryl CoA Reductase (HMG CoA Reductase), which reduces HMG CoA molecules to mevalonate, in the presence of NADPH as a reducing agent. Expression of HMG CoA reductase is inhibited by cholesterol as well as by statin drugs (atorvastatin, lovastatin, and Simvastatin). Thus, to maintain cholesterol balance, if dietary cholesterol absorption is increased, the endogenous synthesis is decreased [33] . The autoregulation of cholesterol synthesis encompasses control of HMG-CoA reductase by two mechanisms: (a) Feedback loop via cholesterol (which is referred to as bulk control), as well as (b) feedback loop via oxysterols, which functions to prevent accumulation of sterol intermediates and to fine tune the cholesterol regulation [34] . At the cellular level, cholesterol homeostasis is orchestrated by several regulatory transcriptional factor networks including the sterol regulatory element binding protein (SREBP), which regulates the biosynthesis and uptake of cholesterol as well as the liver X Receptor (LXR) family which regulates the excretion of excess cholesterol [35] [36] [37] . Another level of regulation is contributed by the farnesoid X receptor (FXR) which regulates bile acid metabolism [35, [38] [39] [40] .
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Animal Models Studies
Guinea pigs are an ideal animal model to study human lipoprotein metabolism because they are LDL animals, they carry cholesterol in the LDL fraction, and they have CETP (Cholesteryl Ester Transfer Protein) similar to humans. Thus, the lipoprotein metabolism and remodeling is similar to humans. Lin et al., evaluated the cholesterol and lipoprotein metabolism in guinea pigs fed 0 dietary cholesterol (control), 0.08 (equivalent to 600 mg/day in human), 0.17 (equivalent to 1275 mg/day in human) or 0.33% dietary cholesterol (equivalent to 2475 mg/day in human) [8, 41, 42] . The authors reported a dose-response relationship between intake of dietary cholesterol and plasma LDL cholesterol. This effect led to decreased synthesis of endogenous cholesterol as evidenced by a reduction in HMG CoA reductase, the rate-limiting enzyme and commitment step in cholesterol synthesis, as a compensatory mechanism. The hepatic LDL receptor numbers also decreased as cholesterol concentration increased. Plasma cholesterol increased with intake of 0.17% and 0.33% cholesterol and with saturated fatty acid intake [8] . Similar to humans, guinea pigs have individualized response to dietary cholesterol, emphasizing the notion that these animals could be hypo-responders or hyper-responders to dietary cholesterol [43] . Indeed, studies in humans have demonstrated that individuals could be hypo-responders or hyper-responders to dietary cholesterol [44] . Studies conducted in 1913 in rabbits showed that dietary cholesterol in rabbits induces atherosclerosis [45] . In mice deficient in Apolipoprotein E, animals fed either a control diet (AIN-93) or a diet containing 0.2 g cholesterol or 0.2 g oxysterol, showed an increase in liver and serum levels but the dietary cholesterol did not promote atherosclerosis and did not significantly accumulate in the aorta [46] . [47] . Subsequently, risk factors for heart diseases were identified in this longitudinal study and the diet-heart disease hypothesis was established. For decades, the notion that elevated blood cholesterol is resultant from dietary intake cholesterol and saturated fatty acids were universally accepted. However, several follow-up studies showed no association between dietary cholesterol (egg consumption) and serum cholesterol, all-cause death, total coronary heart disease, or other heart disease problems such as angina pectoris or myocardial infarction [48] . Nevertheless, the recommendations of decreasing dietary cholesterol remained in effect. In 1988, Snowden reported that egg consumption was associated with all-cause mortality and coronary heart disease in females in a large cohort of California Seventh-Day Adventist adults [49] . However, Bechthold et al. conducted a meta-analysis study to investigate the relative risk between egg consumption and the risk of coronary heart disease (CHD) and stroke. There was no correlation between highest (75 g) and lowest intake of eggs (0 g) and the risk of CHD or the risk of stroke, and there was no evidence that smaller studies had an outcome reporting bias. Furthermore, in a dose-response sub-analysis with increased increments of egg intake (50 g), there was no association between egg consumption, heart disease or stroke. However, there was a positive correlation between egg intake and the risk of heart failure [50] . On the contrary, reports from the two large prospective cohort studies, namely, the Nurses' Health Study (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) and the Health Professionals Follow-up Study (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) , indicated that intake of dietary cholesterol consumed as one egg per day was not associated with increased risk of CHD in healthy men and women. Similar findings were summarized by Kritchevsky and colleagues [51, 52] . In a recent study (2018), Li et al., reported that in Guangzhou Biobank Cohort Study, there were no statistical differences in the adjusted hazard ratio in all-cause mortality, mortality from CVD, ischemic heart disease or stroke and intakes of high egg consumption (7+ eggs per week) versus low egg consumption (<1 egg per week), in a meta-analysis study design that included 28,024 participants without heart disease at the time of participation [53] .
Human Studies
Regarding patients diagnosed with diabetes, investigators of the Health Professional Follow-up Study and Nurses' Health Study reported that in diabetic subjects, a high intake of eggs was correlated with increased risk in diabetic men [54] . Geiker et al. reviewed the literature regarding egg consumption in diabetic subjects and reported that dietary cholesterol and egg consumption was associated with increased risk of CVD [55] . However, Tran et al. did not find a correlation between egg consumption and CVD in diabetic patients [56] . In a cross-sectional study of 130,420 adult subjects aged 40-69 years in China, Shin and colleagues reported that a consumption of 7 eggs/week decreased the risk of metabolic syndrome (OR 0.77 CI, 0.70-0.84) compared with an intake of 1 egg/week [57] . Similarly, Park et al. analyzed Korea National Health and Nutrition Examination Survey (KNHANES) and found that the consumption of 4-6 eggs/week was associated with decreased risk of metabolic syndrome compared to the intake of 1 egg/month (OR 0.82, CI 0.71-0.95) [58] . However, in the US, most cohort studies reported to date suggest either a negative correlation between egg consumption in diabetic patients or no effect. For example, Djousse et al. followed a cohort of 20,703 men from the Physician Health Study and 36,295 women from the Women Health study for 20 years. The authors reported that consumption of 7 eggs/week was associated with increased risk of type 2 diabetes (Hazard Ratio 1.58, CI 1.25-2.01) in men and (1.77, CI 1.28-2.43) in women, compared to participants who consumed less than one egg per week. Additionally, the risk of heart diseases and mortality was also associated with consumption of 7 eggs/week (hazard ratio 2.01, CI: 1.26-3.20) compared to groups that consumed less than one egg per week among diabetic patients in the Physician Health Study [10] . The discrepancies of these findings could be attributable to confounding variables or differences in dietary patterns between populations. Some of the limitations of the observational studies are the inability to determine causality rather than reporting associations, possible selection bias, and the presence of confounding variables.
Based on the conflicting results, the limitations of the observational studies by confounding variables and selection bias, and a lack of causality identification; it seems that additional research methodology including meta-analysis or Mendelian Randomizations of genetically determined diabetes, metabolic syndrome, and heart disease are warranted in patients diagnosed with type 2 diabetes.
Randomized Controlled Trial Studies
A meta-analysis study of 17 randomized control trial studies conducted from 1974 to 1999, revealed that the addition of 100 mg of dietary cholesterol increased the total/HDL cholesterol ratio [59] . On the contrary, in a randomized controlled trial, Missimer et al. [60] found that the intake of two eggs per day did not have an adverse effect on heart disease biomarkers compared to the intake of oatmeal cereal. There was an increase in both HDL and LDL cholesterol, and therefore the LDL/HDL ratio, a marker to high risk of heart disease, remained constant, and thus the net cardiovascular risk did not increase. In the agreement, a randomized controlled trial (DIABEGG) compared the intake of a high-egg diet (2 eggs/day) with a low-egg diet (less than 2 eggs/day). The results showed that there were no differences in total cholesterol, LDL cholesterol or glycemic control in overweight and obese prediabetic or patients with type 2 diabetes [61] . Furthermore, to investigate the effects of egg on endothelial functions in patients with coronary heart disease, Katz et al., conducted a randomized, single-blind, cross-over, controlled trial for 6 weeks to compare breakfast containing 2 eggs, egg beaters, or a high carbohydrate breakfast [62] . The results indicated that there were no differences between groups in regards to lipids, flow-mediated dilation, systolic and diastolic blood pressure or body weight. Similarly, in a long-term randomized control trial, van der Made and colleagues [63] compared the consumption of lutein-enriched egg yolk in a buttermilk drink with a placebo group for one year. The authors reported that total cholesterol, LDL, and HDL cholesterol, as well as the total cholesterol to HDL cholesterol ratio, were not different between the two groups. Similar findings were reported in a randomized controlled trial comparing the intake of three eggs per day to Choline Bitartrate Supplement in healthy young men [64] . The study found that HDL-Cholesterol to LDL-cholesterol was maintained, indicating that exogenous cholesterol intake downregulated Sterol Regulatory element binding protein-2, and HMG-CoA reductase expression, thereby reducing endogenous cholesterol synthesis and thus maintaining the LDL/HDL ratio constant [64] . Blesso and colleagues conducted a randomized controlled trial (n = 40) where participants with metabolic syndrome were randomly assigned to either 3 whole eggs/day or yolk-free egg substitutes for 12 weeks, and both groups maintained a carbohydrate-restricted diet (25-30%) [65] . The authors reported that participants who consumed whole eggs showed an improved lipid profile and decreased insulin resistance [65] .
Several other randomized controlled trials indicated that egg consumption increased HDL cholesterol and decreased the risk factors associated with metabolic syndrome [66] [67] [68] . Along the same line, Fuller and colleagues reported that consumption of a high egg diet in pre-diabetes and patients with type 2 diabetes who had energy-restricted diets, had no adverse effect on blood glucose or glycated hemoglobin [61, 69] . In a systematic review and meta-analysis, Berger et al. [70] compared the results from 19 randomized controlled trials of healthy individuals consuming dietary cholesterol (doses ranged between 501 and 1415 mg/day), or control groups (0 to 415 mg/day cholesterol). The authors reported a significant effect of dietary cholesterol on both LDL-Cholesterol as well as HDL-Cholesterol. As a result, the net LDL/HDL ratio was constant (0.17 net change) . The increase in HDL cholesterol was pronounced with dietary cholesterol interventions doses between 650 and 900 mg/day [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] .
Dietary Cholesterol, Saturated Fat, Trans Fatty Acids, and Cardiovascular Disease
As shown in Table 1 , most foods that contain high cholesterol content are also rich in animal-based saturated fatty acids (SFA). As such, for each 100 g beef (untrimmed) that contains 99 mg cholesterol, it has 29.4 gm SFA; natural cheese, 107 mg cholesterol, and 19 gm SFA; 214 mg cholesterol, and 50 gm SFA; and chicken (meat and skin) contains 101 mg cholesterol, and has 3.8 gm SFA. The exceptions are egg and shrimp. Shrimp contains 124 mg cholesterol and 0 g SFA, and one large egg (50 g) contains 186 mg cholesterol and 1.56 g SFA (Table 1) . While shrimp is arguably expensive, egg is an economical and nutrient-dense food item with high-quality protein which is convenient and affordable to low-income families and is a good source of nutrients for growing children and older adults.
A large body of literature documented the negative effects of saturated fatty acids on the development of CVD as reviewed by Yu and Hu 2018 [94] . Further, the American Heart Association reviewed the scientific evidence from prospective observational studies and randomized controlled trials and concluded that the replacement of dietary saturated fatty acids with polyunsaturated or monounsaturated fatty acids decreased the risk of CVD [95] . Trans-fatty acids are found naturally in a small amount in some meat and dairy products. However, most food consumption of trans-fatty acids is from manufactured hydrogenated unsaturated fatty acids. These partially hydrogenated trans-fatty acids that introduce at least one hydrogen bond in the trans configuration were originally developed to improve the quality and shelf life of baked goods and are used in margarine and commercial cooking. However, mounting evidence indicated that trans-fatty acids increased the risk of coronary heart disease mortality and cardiovascular disease incidence in a manner similar to saturated fatty acids [96] [97] [98] [99] [100] . As such, several European Countries introduced laws to limit the amount of trans-fatty acids in food [97] . In the United States, the FDA ruled that the content of trans fat should be included in the food label since 1990. The 2015-2020 Dietary Guidelines recommended limiting the intake of saturated fat and trans fat as part of a healthy eating pattern.
Thus, the totality of scientific evidence guided the 2010 and 2015 Dietary Guidelines for Americans and developed the recommendations to decrease intake of saturated fatty acids to less than 10% of calories and replacing it with monounsaturated and polyunsaturated fatty acids. Additionally, the American Heart Association recommends less than 7% of calories from saturated fatty acids. Fielding et al. found that an intervention with an intake of 600 mg cholesterol with a diet high in the saturated fatty acids led to increased LDL cholesterol much more than when cholesterol was administered with polyunsaturated fatty acids [75] . As noted earlier, several of the high cholesterol foods are also rich in saturated fatty acids such as beef (untrimmed and with marble), natural cheese, and butter (Table 1 , and the USDA Nutrient Composition Database), and thus may increase the risk of CVD due to the saturated fatty acid content. The exceptions are shrimps (zero saturated fatty acids) and eggs (1.56 gm saturated fatty acids per large egg which accounts for 0.65% of calories).
Conclusions
The current literature does not support the notion that dietary cholesterol increases the risk of heart disease in a healthy individuals. However, there is an ample evidence that saturated fatty acids and trans-fats increase cardiovascular disease risk. The fact that dietary cholesterol is common in foods that are high in saturated fatty acids might have contributed to the hypothesis that dietary cholesterol is atherogenic. In contrast, eggs are affordable, rich in protein and micronutrients, nutrient-dense and low in saturated fatty acids. The healthy eating pattern can incorporate nutrient-dense, calorie controlled meals with balanced nutrients and a variety of colorful vegetables and fruits. The body of literature regarding dietary cholesterol and cardiovascular disease in patients diagnosed with diabetes is still inconclusive and warrants further research.
